In animals, the intrinsic circadian clock regulates daily rhythms in physiology and 64 behavior, which are entrained by environmental stimuli such as light and 65 temperature 1, 2 . This robust timing system maintains rhythmic oscillation even under 66 constant darkness conditions in the fruit fly Drosophila melanogaster. 67
Sleep is one of the established circadian behavior, which is highly associated with 68 health status 3 . Sleep in Drosophila has been well characterized by certain parameters 69 such as total sleep, sleep bout duration and sleep bout number [4] [5] [6] . Throughout the daily 70 sleep-wake cycle, the flies exhibit two peaks of activity -one before lights on and one 71 before lights off. Genetic dissection in Drosophila indicates that sleep is regulated by 72 the circadian clock. The mutations of the core clock genes result in abnormal sleep 7, 8 , 73
while the neuropeptide pigment dispersing factor (PDF)-expressing peptidergic clock 74 neurons regulate arousal as well as sleep stability 9 . 75
The Drosophila rhythmic behavior is maintained by a central clock network in 76 the brain, which is consisted of ~150 circadian neurons 10 . These clock neurons 77 include ventral lateral neurons (LNvs) (I-LNvs, s-LNvs, and 5 th s-LNvs), dorsal 78 lateral neurons (LNds), lateral posterior neurons (LPN) and dorsal neurons (DN1, 79 DN2, and DN3), classified based on anatomical locations and varied expression of 80 core clock genes [10] [11] [12] [13] . Among them, the PDF-positive neurons (I-LNvs and s-LNvs) 81
are essential for normal circadian activity and daily sleep. Their ablation results in 82 arrhythmic flies 4 . 83
The circadian clocks are modulated by a complex transcriptional and translational 84 feedback loop (TTFL) in both mammals and flies [5] [6] [7] . In D. melanogaster, two 85 interlocked clock feedback loops are known to regulate the circadian rhythm. They 86 consist of period (per), timeless (tim), clock (clk), cycle (cyc), vrille (vri) and par 87 domain protein 1e (PDP1e). The transcription factors CLK and CYC form a 88 heterodimer that binds to the E-box of per and tim promoters, thereby promoting their 89 transcription 8, 9 . The cycling expression of tim mRNA with a peak at Zeitgeber time 90 (ZT) 14 and a trough at ZT 2 is vital for circadian output 10, 11 . Another feedback loop 91 consists of the clk, cyc, vri and PDP1e 8, 9, 12-14 . However, the mechanism of how these 92 feedback loops sustain ~24 h rhythm is still unclear, since multi-layered regulation 93 involving post-transcriptional and post-translational regulation are imposed to 94 produce the daily rhythm [15] [16] [17] . 95
The highly conserved and widespread microRNAs (miRNAs) play a critical role 96 in post-transcriptional gene regulation [18] [19] [20] [21] [22] . They are loaded into Argonaute (AGO) 97 proteins to mediate mRNA cleavage or translational inhibition via base pairing with 98 target mRNAs 20, [23] [24] [25] . Disruption of the miRNA biogenesis pathway considerably 99 weakens the rhythm in locomotor activity 26 . Although the rhythmically expressed 100 miRNAs have been identified [27] [28] [29] , only a limited set of miRNA-target pairs have been 101 verified to affect circadian rhythms 26, [30] [31] [32] [33] . Decoding of the miRNA-mRNA 102 interaction network is difficult because of incomplete complementary pairing between 103 miRNAs and targets as well as context-dependent dynamics of the miRNA-target 104 interactions. As a result, some miRNAs such as miR-124 and miR-959-964 have been 105
shown to be involved in circadian rhythms but without known targets 29, 34, 35 . Thus, a 106 global identification of circadian-related miRNA-target interactions will greatly 107 improve our understanding of the role of miRNAs in circadian regulation. 108
The effort to accurately predict the miRNA-targets is compromised by the 109 complex and dynamic cellular interaction networks 36, 37 . Immunoprecipitation of the 110 miRNA effector protein Argonaute followed by microarray 26 or RNA-seq analysis Figure S1 ). The purified Ago1-miRNA-mRNA complexes could be either 134 self-ligated as chimeric reads or remain unchanged mapping to a single locus (CLIP 135 peaks) (Fig. 1A) . In total, we obtained 213,404,300 reads from 8 libraries (Table S1A) , 136 of which 88.32% could be mapped to mRNAs, and 1.92% from miRNA-target 137 chimeras (Fig. 1B) . The recovery of previously experimentally supported 138 miRNA-mRNA interactions in Drosophila showed a reliable dataset (Table S1B) , 139 exemplified by the verified regulation of hid by bantam 43 (Fig. 1A) . 140
In this study, we discovered 15,825 miRNA-target interactions in total involving 141 239 mature miRNAs and 6,540 mRNA transcripts in Drosophila (Table S2A, B) . 142
These miRNA-mRNA reads were further classified to miR-first and miR-last 143 chimeras according to the location of miRNA (Table S1C ). The miR-first chimeras 144 (92.55%) were predominant compared with the miR-last chimeras (7.45%), and they 145 showed a higher correlation coefficient between miRNA frequency and miRNAabundance (r≥0.79), while the correlation coefficient was low (r =~0.45) for miR-last 147 chimeras (Fig S2A, B) . Thus, we focused exclusively on the miR-first chimeras in 148 subsequent data analysis. 149
The target sequences from the miR-first chimeras were enriched with canonical 150 seed which matched within 50 nt of the ligation sites (Fig. 1C) . In addition, the mean 151 of predicted free energy between miRNAs and the matched target mRNAs found in 152 chimeras was lower by 2.8 kcal mol -1 than that in randomly matched pairs (Fig. 1D,  153 p<0.001). The strong binding energies of chimeric reads suggest that stable chimera 154 stems come from genuine mRNA-miRNA pairing in miRISC rather than from 155 proximity-induced ligation of non-specific RNAs in the solution. These data indicated 156 that the CLEAR-CLIP chimeras reveal a reliable and high-resolution miRNA-target 157 interaction map. 158
The miRNA-target chimeras preserve functional interaction 159
To further evaluate the physiological functions of miRNA-target interactions, we 160 analyzed the binding motif enrichment of let-7-5p 44 , miR-34-5p 45 , miR-305-5p 46 and 161
miR-276a
47 , which have been investigated in circadian regulation. The enriched 7-mer 162 motifs in the targets of these miRNA were reverse-complementary to the miRNA seed 163 regions, indicating the crucial role of the seed sequences in miRNA targeting (see Fig.  164 2A and Fig. S2C ). To further examine the evolutionary conservation of 165 chimera-defined target sites, the PhyloP conservation scores of 3'UTR targeting sites 166 were retrieved from multiple alignments of 27 insect genomes. We found that the 167 conservation score of chimera-defined targets displayed a marked increase at 6-nt 168 interacted stem relative to flanking regions (Fig. 2B) , indicating the close 169 physiological relevance. 170
In addition to assessing the functional outcome of the chimera-identified 171 miRNA-target by CLEAR-CLIP, we also analyzed how the altered RNA levels of 172 miR-305 and miR-34 affected the expression of their target mRNAs based on 173 previously published data related to rhythmicity 45, 46 . In the CLEAR-CLIP dataset, the 174 miR-305 bound to 598 target sites within 555 mRNA transcripts. Overexpression of 175 miR-305 in Drosophila considerably lowers the abundance of mRNAs bearing 176 chimera-defined miR-305 target sites, compared with the mRNAs that had no 177 miR-305 target site (p=0.005618). And the subset of these mRNAs supported by both 178 chimeras and Ago1 CLIP peaks was also significantly repressed (p=0.0191) (Fig.2C) . 179
Functional enrichment analysis of miR-305 targets also demonstrated their important 180 roles in sleep (Fig. 2D) , which has been observed in the miR-305 mutant strain 46 . 181 Furthermore, the mRNA levels of the miR-34 targets were significantly elevated in the 182 miR-34 null mutant (miR-34-5p), compared with w 1118 (p<0.001) (Fig. 2E ). In this 183 study, GO enrichment analysis of the chimera-defined miR-34 targets linked miR-34 184 to aging and brain disease (Fig.2F) , consistent with the previous report that miR-34 is 185 associated with aging and neurodegeneration 45 . These results verified the 186 physiological significance of the miRNA-mRNA interactions identified by 187 CLEAR-CLIP.
Clk-oriented miRNA-mRNA interactions are critical for circadian rhythm 189
To explore the whole miRNA-mRNA interactions network in the circadian 190 system, we visualized 9325 unique miRNA-target chimeras supported by 191 corresponding Ago1 CLIP peaks with SOM clustering (Fig. S3A) To understand the functional impact of changed miRNA-mRNA interactions, we 201 performed a functional enrichment analysis separately using the significantly 202 up/down-regulated genes. Results showed that many circadian-related functional 203 groups such as sleep and visual perception were top-ranked, especially enriched in the 204 fly-head groups, while chemical synaptic transmission is notably affected after Clk 205 mutation (Fig. S3C) . 206 Moreover, by grouping the genes involved in circadian phenotype, we found that 207 299 miRNA-mRNA interactions involving 9 core circadian genes were plotted as a 208 miRNA-regulated network (Fig. S3B) , in which a majority of interactions appeared to 209 target the three Clk-downstream genes pdp1, vri and tim (Fig. 3B) . To compare the 210 miRNA-involved regulations in these three genes, we retrieved the interaction pattern 211 under different conditions. Results displayed distinct regulatory features in response 212
to Clk disruption (Fig. 3C) Results showed that it was expressed in the PDF-expressing I-LNv neurons and 237 co-localized with TIM (Fig.4C) . 238
Mir-375 impacts normal circadian rhythm and sleep 239
To further evaluate the role of mir-375 in circadian behavior, we overexpressed 240 mir-375 in tim neurons by using iso:tim-gal4 driver. Results showed that the flies with 241 enhanced expression of mir-375 in tim neurons lost daily locomotor rhythm under 242 both LD and DD conditions. Both morning and evening anticipations disappeared 243 after the overexpression of mir-375 (Table 1 , Fig.5A-C) , while control flies exhibited 244 normal behavioral rhythms (UAS-LUC-mir-375/+: 95.74% rhythmic, tau=24.5 h, 245 n=47; iso:tim-gal4/+: 100% rhythmic, tau=24.6 h, n=75). In addition, flies with 246 overexpressed mir-375 showed a decrease in sleep bout duration and an increase in 247 sleep bout number at night compared with the control (Fig.5D, E) . These results 248 demonstrate that mir-375 is very important in the regulation of the Drosophila 249 circadian system. 250 mir-375 influences circadian rhythm and sleep via targeting tim 251
The flies with up-regulation of mir-375 had the same phenotype as the tim null 252 mutants on the regulation of the circadian rhythm ( Fig.5C and Fig.S4A ), and they 253 both expressed mir-375 in l-LNv neurons. In this study, 11 miRNA-tim 254 chimera-defined target sites were founded across the tim transcript (Fig. S4B) . Among 255 them, the miR-375 targeting site was located at its CDS region and the chimeras 256 displayed a stable hybridization stem with lower free energy (Fig. 6A) . 257
Furthermore, to address whether miR-375 had an effect on the expression of the 258 core clock gene tim, the mRNA levels of tim were detected daily at six time points 259 (ZT2, 6, 10, 14, 18, 22) in both flies with mir-375 overexpression (OE) in tim neurons 260 and control flies. Results showed that the amounts of tim mRNA were dramatically 261 decreased in mir-375 OE flies at ZT 10, 14 and 18 (Fig. 6B) . Similarly, TIM protein 262 levels in I-LNvs neurons, detected at ZT18 and ZT24 by confocal microscopy, also 263 showed significant decreases (31.1% at ZT 18 and 54.37% at ZT24) in mir-375 OE 264 flies compared with control flies (Fig. 6C ). This observation was also verified by 265 western blot analysis at ZT18 ( and miR-276a:tim 47 ( Fig. 1) . Second, analysis of interactions recovered from chimeras 288 reveals general bioinformatics features for miRNA targeting, including seed 289 enrichment, stable binding energy and evolutionary conservation (Fig.1, Fig.S3 ). 290
Third, the chimera-defined target mRNAs exhibit significant changes after 291 manipulating the corresponding miRNA (Fig. 2) . Fourth, functional enrichmentanalysis of the targets of miR-305 and miR-34 are consistent with the previous 293 phenotypic study of mutant flies 45, 46 . These together substantiate the reliability of the 294 datasets for miRNA-mRNA interaction, which lay the groundwork for further 295 functional studies of miRNAs. 296
In light of chimera-defined miRNA:target pairs, we were able to globally assess 297 the regulatory roles of miRNAs in the whole clock system consisting of input 298 pathways, endogenous clock pacemaker and output pathways ( were also detected in this study (Fig. S3D) . The other miRNAs, which clearly have 316 important roles in circadian rhythm, may indirectly regulate the expression of the 317 circadian genes that have been confirmed to participate in circadian regulation [48] [49] [50] . In 318 addition, we linked 10 miRNAs related to circadian rhythm and mapped 9 interaction 319 sites on the tim transcript. These data suggest a complex regulation of miRNAs on 320 rhythmic output. 321
The current study reports for the first time that miR-375 is involved in circadian 322 rhythm and sleep. At the larval stage of Drosophila, miR-375 is expressed in the 323 salivary glands and hindgut, but detailed expression characterization at adulthood is 324 lacking 62 . In this study, we confirmed its circadian expression in the I-LNv neurons. 325
Overexpressing miR-375 with the tim driver leads to arrhythmic behavior with loss of 326 morning anticipation and normal sleep pattern. Compared with an 81% arrhythmicity 327 after overexpressing miR-276a in the previous study 47 , we observed a 100% 328 arrhythmicity. In contrast to the peak expression of miR-276a at ZT22, the highest 329 level of miR-375 appeared at ZT12 with significant repression of TIM in the head at 330 ZT18, as detected by immunoblotting (Fig.6) . Multiple miRNAs may participate in 331 the spatiotemporal control of tim expression, coordinating the normal rhythmic 332 output. 333
Furthermore, we also found that overexpression of the mir-305 in tim neurons 334 (iso:tim-gal4×UAS-luc-mir-305) caused a unimodal activity and a phase shift in DD 335 condition, while bimodal activity was maintained in an LD condition ( 
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Materials and Methods 357

Fly strains 358
Fly strains were maintained on standard molasses-cornmeal-yeast food in a 359 12L:12D cycle at 25℃ and 60% humidity. The fly lines were used in this study as 360 
Ago1 CLEAR-CLIP library construction 366
The protocol was adapted from previous reports 24, 39 . The collected tissue 367 samples were first ground in liquid nitrogen before ultraviolet irradiation. The purified 368
Ago1-RNA complexes from Drosophila lysates were subjected to stringent wash for 369 removal of nonspecific binding. T4 RNA ligase 1 was added into the complex to 370 promote the formation of miRNA-target chimeras. To track the size of the Ago1-RNA 371 complex, RNA was labeled through ligation with a was used to analyze behavioral data. Locomotor behavior was analyzed in 381 MATLAB. The details for the experimental protocol and data analysis were described 382 by Chen et al 44 . 383
Confocal microscopy 384
Adult male flies of 5-10 days were collected and their brains were dissected in 385 phosphate buffered saline (PBS). The brains were subjected to 4% paraformaldehyde 386 in PBS for 1 h and then washed three times with the wash buffer (0.05% Triton X-100 387 in PBS) for 10 min at room temperature. Samples were transferred to Blocking buffer 388 (2% Triton-100, 10% normal goat serum in PBS) for an overnight incubation at 4 ℃ 389 and incubated with primary antibodies (diluted in blocking buffer) overnight at 4℃. 390
The following primary antibodies were diluted in the blocking buffer: rat-anti-TIM 391
(1:1000, from Jeffrey L. Price), mouse-anti-PDF (1:400, from DSHB). After washing 392 samples three times for 15 min at room temperature, the samples were incubated with 393 secondary antibody (1:200) at 4˚C overnight. The samples were imaged on a Leica 394 SP8 confocal microscope. ImageJ software was used for TIM and PDF quantification. 395
RNA extraction and qRT-PCR analysis 396
Fly heads were collected at the indicated time points and stored at -80℃ before 397 RNA extraction. Total RNA was extracted from the heads by using Trizol reagent 398 (TIANGEN) following the supplier's instruction. For reverse transcription and 399 real-time PCR of timeless, we used PrimeScript RT reagent kit with gDNA Eraser 400 (TAKARA) and superreal premix plus (SYBR Green) (TIANGEN). The sequences of 401 primers are shown in Table S4 . For quantitative analysis of timeless, miR-375 and 2s 402 rRNA, we used a miRcute miRNA first-strand cDNA synthesis kit and a miRcute 403 miRNA qRT-PCR detection kit (SYBR Green) (TIANGEN). The miRNA-specific 404 forward primers used for qRT-PCR are also shown in Table S2 . 405
Western blot 406
Flies' heads were collected at the indicated time points and homogenized in a 1.5 407 mL microtube with RIPA lysis buffer (strong) supplemented with proteinase inhibitors. 408
For immunoblot analysis, proteins were transferred to PVDF membrane. After 409 blocking, the membrane was incubated with actin antibody (1:10000) and TIM 410 antibody (1:4000) for 2 h at room temperature. Image J was used to calculate band 411 intensity.
Identification of miRNA-mRNA chimeras 413
Ago1 CLEAR-CLIP sequencing reads were preprocessed to remove low-quality 414 reads and 3' adapter sequences using Flexbar 63 . Shorter reads (less than 16 nt) were 415 discarded. Reads with identical sequences were collapsed. Three random nucleotides 416 were used in the 5' adapter to avoid PCR over-amplification. These random barcodes 417 were trimmed prior to mapping. 418
The clean reads containing miRNA sequences were first defined by mapping 419 mature miRNA sequences against sample libraries using BLAST (v2.3.0) with e-value 420 equals to 0.4 64 . Only the best alignment was reported. The remaining sequences 421 excluding miRNAs part were extracted for mapping to the transcripts with BLAST. 422
The reads mapped to rRNA, tRNA and miRNA genes were removed. 423
Peak calling of CLIP cluster 424
The peak calling of CLIP cluster was done as previously described using the 425 pooled reads from three biological samples at each time point 65 . Briefly, overlapped 426 reads were collapsed to form cluster regions. Cubic spline interpolation (Scipy, 427 http://www.scipy.org/) was performed to determine the location and read number of 428 peaks within a cluster 66 . Significant peaks were identified by determining reads 429 number cutoffs with the p-value less than 0.01 using Poisson distribution. 430
Motif analysis 431
The analysis of overrepresented motifs of Ago1 CLEAR-CLIP by MEME was 432 performed as previously described 59 with the settings: -dna -mod zoops -max w7 -n 433 motifs 1. The motifs identified by meme for targets of each miRNA were then aligned 434 to the reverse-complemented miRNA sequence using FIMO 68 , with the 435 setting-output-p thresh 0.01. High-confidence motifs were generated with FIMO 436 q-value (FDR) < 0.05, and meme Bonferroni-corrected p-value < 0.05. 437
For de novo motif analysis using Homer, miRNAs with more than 30 unique 438 chimeras-defined sites were kept. The background sequences were randomly selected 439 from other miRNA chimeras. Information score (c) was calculated as previously 
Analysis of chimera targets in miRNA perturbation experiments 456
The gene expression data after miRNA perturbation was downloaded 45, 46 . The 457 log2 fold-change was used to perform cumulative distribution function (CDF) 458 analysis comparing transcripts bearing chimeras-derived miRNA target sites versus 459 those without target sites. The CDFs were also plotted for transcripts in which the 460 chimera-derived miRNA target sites overlap with Ago1 CLIP peaks. 461
Dynamic analysis of miRNA-mRNA interactions 462
To quantitatively analyze the temporal profile of miRNA-mRNA interactions, the 463 chimera-supported Ago1 binding peaks were normalized to the total unique reads in 464 each condition 69 . In order to visualize the pattern of difference between each time 465 point, the data were loaded into Gene Expression Dynamics Inspector (GEDIv2.1) 466 with default parameter (26x25 grids) to perform the dynamic analysis 70 . GEDI 467 employs the SOM algorithm to assign the interactions with similar trend into close 468 tiles. To select the interaction cluster presenting distinct pattern at a certain time point, 469
we first located the tile with maximum value at local spots displaying unique 470 interactions and expanded the spots following gene Density map in GEDI to the edges. 471
Unique interactions for each category were extracted for phenotype enrichment 472 analysis based on FlyBase annotation. 473
GO and KEGG enrichment analysis 474
The selected gene list was taken as an input for the functional enrichment analysis 475 with DAVID 71 . The top-ranked GO terms belonging to biological functions were 476 chosen. 477
Statistics analysis 478
Statistics analysis for all indicated data in this study were performed with T-test 479
and p values considered significant at p < 0.05 and extremely significant at p < 0.001. 480 Table S1A . Read statistics for 8 drosophila CLEAR-CLIP samples; Table S1B . 489
Detailed supplementary information list 481
Experimentally Validated miRNA Targets Found in chimeras supported interactions; 490 Table S1C . miRNA-first and miRNA-last distribution found in CLEAR-CLIP. 491 (A) Globally distinct miRNA-mRNA interactome of wild type W 1118 and Clk jrk mutant in whole body or head displayed as self-organized maps with the GEDIv2.1. Color bar indicates the normalized peak height.
(B) The miRNAs:circadian-genes interacting networks defined chimeras from Drosphila CLEAR-CLIP. The circadian genes were extracted from Flybase with phenotype emphasized in circadian defective behavior. These genes are aligned in circle, color in light red represents core genes in circadian system, color in light green stands for other circadian related genes. miRNAs in red have published results supporting circadian related functions or expression.
(C) GO enrichment analysis of chimeras-defined miRNA targets. The top twenty biological process terms were plotted.
(D) The Venn diagram of circadian-relevant miRNAs screen.
